Abstract-In this paper a flexible compact antenna array operating in the 3.213 GHz which covers the standard UltraWide Band (UWB) frequency range is presented. The design is aimed at integration within Multiple Input Multiple Output (MIMO) based flexible electronics for Internet of Things (IoT) applications. The proposed antenna is printed on a single side of a 50.8 µm Kapton Polyimide substrate and consists of two half-elliptical shaped radiating elements fed by two Coplanar Waveguide (CPW) structures. The simulated and measured results show that the proposed antenna array achieves a broad impedance bandwidth with reasonable isolation performance (S 12 < −23 dB) across the operating bandwidth. Furthermore, the proposed antenna exhibits a low susceptibility to performance degradation caused by the effect of bending. The system's isolation performance along with its flexible and thin profile suggests that the proposed antenna is suitable for integration within flexible Internet of Things (IoT) wireless systems.
INTRODUCTION
The growing market of the Internet of Things (IoT) calls for various types of electronic components and communication technologies for a wide spectrum of applications including smart cities and vehicles, home automation, telemedicine, and industrial applications. Obviously, the successful functionality of these applications is dependent on a reliable wireless component.
Ultra-Wide Band (UWB) systems are continuing to attract attention due to their promising advantages of low-power consumption, low cost, and high data rates. UWB is utilized in Wireless Personal Area Networks (WPAN), computer peripherals, mobile computers, imaging devices and several other applications [1] . On the other hand, UWB Multiple Input Multiple Output (MIMO) systems have been proven to further increase the channel capacity as compared to conventional band-limited MIMO systems [2] . To minimize the performance deteriorating effects of multipath fading in indoor UWB wireless communication systems diversity antenna arrays have been shown to be a practical solution, given that the radiating elements of such arrays are maintained highly uncorrelated [3] .
More recently we have witnessed escalated research activities focused on the development of flexible electronics in response to the market demands which reports a growing interest in lightweight, portable, and wearable devices [4] [5] [6] [7] [8] . The success of flexible electronics was greatly enabled by innovations in layered semiconductors and novel fabrication techniques [9] [10] [11] [12] [13] [14] [15] [16] . Consequently, integrating flexible UWB and MIMO antennas with such devices is ultimately needed for advanced wireless connectivity. Implementation of diversity antenna schemes for IoT applications that are subject to bending and flexing, or have curved surfaces is a challenging task due to performance degradation caused by possible structural deformation. Furthermore, the close proximity of the radiating elements in applications with limited space constraints leads to an increased mutual coupling which compromises the system's efficiency [3] .
Several antenna designs concerning UWB MIMO applications have been reported in the literature. These designs are mostly focused on maximizing the isolation and impedance bandwidths of the radiating elements [17] [18] [19] [20] . In [17] , an UWB monopole antenna array operating in the 2.3-7.7 GHz region has been proposed where two bent slits have been utilized to reduce the mutual coupling; S 12 > −18 from 2.4 to 6.55 GHz is achieved. In [18] , a printed compact UWB diversity antenna has been proposed for portable devices. The design covers only the lower UWB region (3.1-5 GHz). While in [19] , a flexible UWB polarization diversity antenna with a band-notch function is proposed. Although the design demonstrates compactness and flexibility, the isolation characteristics severely deteriorate (S 12 > −15) when conformed on curved surfaces.
In this paper, we present a compact half-elliptical shaped UWB monopole antenna array aimed for flexible, wearable, and conformal applications. The antenna is printed on a 50.8 µm Kapton Polyimide substrate which is known for its flexibility, robustness, low dielectric loss, and high thermal endurance. The antenna is fed by a linearly tapered Co-Planar Waveguide (CPW) to further improve the impedance matching. Furthermore, both the radiating element and ground plane are printed on the same side of the substrate which promotes lower fabrication cost and complexity in addition to roll to roll production. The proposed design exhibits reasonable isolation between the radiating elements (S 12 < −23 dB) and expresses a very low susceptibility to correlation and impedance mismatch caused by the bending or conforming the antenna array. A photo of the proposed design is depicted in Fig. 1 . In Section 2, we present the antenna design aspects and fabrication process. In Section 3, we discuss the performance of the proposed antenna array in terms of isolation, radiation characteristics and flexibility. Finally, conclusions are given in Section 4.
ANTENNA DESIGN, CONFIGURATION, AND FABRICATION
The design of the proposed antenna array has been carried out using the full-wave electromagnetic simulation tool CST Microwave Studio which utilizes the Finite Integration Technique (FIT) time domain solver [20] .
To comply with flexible technologies, integrated components are required to demonstrate high conformability and mechanical robustness simultaneously. Hence, Polyimide Kapton substrate was chosen due to its good balance of physical, chemical, and electrical properties. It has a relatively low loss tangent over a broad frequency range. Moreover, Kapton Polyimide films are available with very low thicknesses (50.8 µm) and exhibit excellent mechanical characteristics, a tensile strength of 165 MPa at 73 • F, a dielectric strength of 3500-7000 volts/mil, and a temperature tolerance rating of −65 to 150 • C [21] .
As reported in recent literature, the radiation mechanism of planar UWB monopoles can be explained by the overlapping of closely spaced resonances. The unit radiating element of the proposed antenna array is based on a half-elliptical shaped radiating element which is a modification of a design reported previously by the author of this paper in [22] . By tuning the major axis of the radiator, the resonant frequency of the dominant mode can be constrained to cover the standard UWB region.
The radiating elements are oriented opposite to each other in a horizontal fashion to provide pattern diversity, and fed by two tapered CPWs. The linear tapering is proven to provide a smooth impedance transition which leads to a reduction in the return loss compared to a straight CPW feed. The reader is referred to [22] for further details and parametric study on the feed line tapering. The geometry and dimensions of the final array design are depicted in Fig. 2 The radiating elements along with the CPW feeding network were printed on a 50.8 µm flexible Kapton Polyimide substrate with a dielectric constant of 3.4 and a loss tangent of 0.002. A conductive solution based on sliver nanoparticles is inserted in a specialized cartridge then deposited over the Kapton substrate by a Dimatix DMP Fujifilm 2831 inkjet material printer [23] . This process is then followed by a thermal annealing at 100 C for 9 hours by an LPKF Protoflow laboratory oven. It is worth noting that two layers of ink were deposited on the substrate to achieve a consistent and continuous pattern.
RESULTS AND DISCUSSIONS

Scattering Parameters
Adjacently positioned antennas of distances less than a quarter wavelength could trigger high mutual coupling. This coupling can be reduced by separating the antennas at the mobile terminal. The right orientation of the antennas can disturb the phase of the surface currents and the polarization of the radiating fields. Decoupling Networks, parasitic elements, and metamaterials can be inserted between the array's elements but may affect the size, fabrication complexity, weight, and flexibility of the system. In this paper, a reasonable isolation is achieved by placing the radiating elements of the array in a backto-back fashion with a small separation distance. This orientation gives rise to less fields interaction and yields to a change in the phases of the intersected surface currents which reduces the mutual coupling as opposed to placing the antennas adjacent to each other in a vertical fashion. The antenna's scattering parameters S 11 , S 22 , S 21 , S 12 were obtained using an Agilent PNA-X series N5242A Vector Network Analyzer (VNA) and compared with the simulated results from CST Microwave Studio As can be seen from the reflection coefficient graphs in Fig. 3 , the measured S 11 exhibits a −10 dB impedance bandwidth of more than 10 GHz. It extends from 3.2 GHz and goes beyond the experimental stop frequency of the VNA (13 GHz). One can also observe a resonance shifting trend that takes place beyond the 6 GHz region. However, this shift does not affect the performance of the proposed antenna since it is below the −10 dB impedance line standard. On the other hand, the simulated transmission coefficient S 12 maintains an isolation of below −20 dB for the entire targeted frequency range In fact the isolation strengthens beyond 4.8 GHz and stays at or below −30 dB. The measured S 12 exhibits an isolation of −23 or better for the targeted frequency range. The isolation improves further in the 5.7-8.1 GHz and beyond 9.5 GHz. The simulated and measured transmission coefficients are in fairly reasonable agreement for most parts of the bandwidth. It should also be noted that the rest of the scattering parameters (S 22 and S 21 ) were not included in the graph below since they are redundant due to element symmetry (S 11 = S 22 , S 12 = S 21 ).
Diversity Performance
Using MIMO technology in wireless data communication offers another degree of freedom and tremendously improves the data throughput. Such systems take advantage of having various propagation paths through different channels utilizing multiple antennas. At the receiving end(s), these multiple mixed signals can be treated separately. The more uncorrelated the received signals are, the higher the performance and efficiency of the MIMO systems are.
An essential figure of merit to quantify correlation effects in MIMO antenna systems is the envelope correlation coefficient which takes into account the radiation pattern characteristics, polarization, transmission coefficients and the relative phases between the radiating elements. This in turn helps with understanding the design aspects and efficiency of such systems.
In a given multipath environment, the correlation among the array's radiating elements can be deduced from the far-field information [24] , mutual impedances [25] , or the scattering parameters [26] . The envelope correlation can be manifested either from the far-field information which is more accurate, or from the scattering parameters. In this paper, we have used both the scattering parameters method and the far-field method to calculate the envelope correlation using the following formulas respectively:
Another metric used in the analysis of MIMO system which is related to the envelop correlation coefficient is the diversity gain which can be calculated from the formula below:
where ρ is the correlation coefficient.
Figures 4 and 5 show the computed correlation coefficient and diversity gain in the 2-13 GHz range for the proposed UWB antenna array. These metrics were computed using Equations (1) and (3) which are based on the scattering parameters information. It is obvious that the array exhibits a good correlation performance in the standard UWB range (3.1-10.6 GHz) where the correlation is below 0.01. The correlation fluctuates between 0.14 and 0.01 for 2-3.1 GHz region. Figures 6 and 7 show the computed correlation coefficient and diversity gain in the 2-13 GHz range for the proposed UWB antenna array using the far-field information. It is obvious that the array exhibits a good correlation performance in the standard UWB range (3.1-10.6 GHz) where the correlation is below 0.001. The correlation fluctuates between 0.14 and 0.01 for 2-3.1 GHz region.
Envelop correlation coefficient and diversity gain are important metrics that gives a general perspective on the coupling performance. However, for practical considerations multiplexing efficiency is typically carried out by research and development facilities. Fig. 8 depicts the MIMO multiplexing efficiency for the proposed UWB array. 
Radiation Patterns
The E-plane (YZ cut) and H-plane (XZ cut) simulated far-field radiation patterns for four resonances across the operational bandwidth are depicted in Fig. 9 . It can be seen that the radiation power is omnidirectional at 2.5 GHz, and fairly maintains such directionality at 4.5 GHz and 8 GHz. However, the radiation pattern loses omni-directionality at higher frequencies as noticed at 11 GHz. Figure 10 depicts the peak gain values at the above-mentioned frequencies in addition to 3.1 GHz, 6.5 GHz, and 13 GHz. One can observe a higher gain value at 2.5 GHz than 3.1 GHz due to the better return loss performance at 2.5 GHz as can be seen from Fig. 3 . Otherwise the gain shows an increase up to the 8 GHz region, followed by a slight decline between 8-11 GHz, then another increase between 11-13 GHz. It should be noted that IEEE method is used to calculate the gains at the targeted frequencies. According to IEEE Standard, the realized gain differs from the IEEE gain in that it takes into consideration the losses incurred due to the polarization mismatch and input impedance in addition to the dissipative losses (i.e., conductive and dielectric losses). Therefore, the realized gain will always be less than the intrinsic gain which considers the dissipative losses only Fig. 11 depicts the radiation efficiency over frequency which agrees with the above-mentioned gain behavior.
Antenna Gain and Radiation Efficiency
Flexibility Study
Since such antennas are expected to be bent, rolled, or conformed when embedded within a flexible device, some tests are needed to ensure a successful and practical operation. Scattering parameters are required to be evaluated under different degrees of bending since they are prone to change/deterioration due to impedance mismatch and an increased correlation between the array elements. Moreover, robustness testing of the antenna is required to verify its mechanical durability. This is performed by applying repeated bending, folding, and twisting to the antenna and check for any cracks and pattern discontinuities in the radiating element or the feeding structure via visual and/or microscopic examination if needed. Fig. 12 shows the flexibility test setup used in this paper.
To evaluate the performance of the antenna under different extents of bending, the array was conformed on foam cylinders and affixed using a temporary adhesive tape. Two foam cylinders with different radii have been used to emulate two different extents of bending.
As seen from Fig. 13 , a slight deterioration in the return loss occurs around 6 GHz when the antenna is bent on the foam cylinder with 40 mm which represents a mild degree of bending. On the other hand, the return loss experiences more deterioration in the 5.5 GHz when the antenna is bent on the cylinder with 30 mm radius which represents the more severe bending case. Moreover, there is also a slight resonance shift to the lower side of the range. On the other hand, a proportional increase in mutual coupling to the bending extent is observed as evident from Fig. 14 . The deterioration is more prominent in the 3-4.8 GHz region when bent on the 40 mm cylinder, while the degradation extends even further (3.8-7.4 GHz) when the antenna is bent on the 30 mm cylinder. This is attributed to the fact that the effective separation distance between the radiating elements decreases, in addition to the radiation pattern intersection when the structure is curved which conflicts with the concept of pattern diversity. 
Comparative Study
The antenna array proposed in this paper is compared to four different types of UWB antenna arrays reported in the literature [27] [28] [29] [30] . Given the applications envisioned in this paper, the comparative study is emphasized on size, thickness, flexibility, fabrication complexity, isolation performance, correlation coefficient, diversity gain, and multiplexing efficiency. Table 2 shows the above-mentioned comparison factors. Clearly, the proposed design offers a lower profile, simpler fabrication process, and larger impedance bandwidth than the reported designs adopted in this comparison. The proposed array also offers a better isolation performance than the other designs except for [27] ; however, the design reported in [27] is relatively larger in size (170 mm × 170 mm) than the proposed design (100 mm × 22 mm).
CONCLUSION
A flexible compact UWB MIMO/diversity antenna system is proposed in this paper. The wideband isolation is achieved by orienting the radiating elements of the array in a back-to-back fashion with a simple spatial diversity. The proposed antenna is printed on a single side of a 50.8 µm Kapton Polyimide substrate and consists of two half-elliptical shaped radiating elements with a tapered CPW feeding structure. The simulated and measured results show that the proposed antenna array achieves a broad impedance bandwidth with reasonable isolation across the operating bandwidth (S 12 < −23 dB). Moreover, the proposed antenna exhibits a relatively low susceptibility to performance deterioration due to bending. The array's diversity performance, simple fabrication process, along with its flexible and thin profile suggest that it would be a reasonable candidate for integration within flexible and wearable devices in Internet of Things (IoT) applications.
